A lengthscale and rate-dependent strain gradient crystal plasticity framework was employed to simulate the inter-and intra-granular deformation at the meso-to microscopic level in a large-grained polycrystalline Ni foil. The sample was characterised by micro-beam Laue diffraction experiments. Post-processing of the model was carried out both to forward predict the Laue diffraction patterns on the detector and to perform inverse analysis of the local lattice misorientation in the crystal. The anisotropic broadening of the Laue spots ('streaking') was correctly captured by the simulation and further analysed to reveal the local lattice arrangement.
Introduction
The deformation behaviour of polycrystalline materials in engineering components is crucial to their performance in service. However, it does not occur uniformly in constituent grains, but shows strong inter-and intra-granular variations at the mesoscopic level. These are caused by lattice rotation/misorientation, anisotropic elastic-plastic properties and differences in the damage behaviour, etc. Conventional continuum mechanics does not account correctly for the factors of complex grain shape and intra-granular strain variation at the characteristic length scales of dislocation distributions. Hence, strain gradient crystal plasticity theory (Fleck et al., 1994) was proposed to capture the mesoscopic inhomogeneity and the length-scale-dependent strengthening effect, based on the development of the concept of Geometrically Necessary Dislocations (GNDs) (Fleck et al., 1994; Ashby, 1970 ). An explicit and succinct relationship between shear strain gradients and GNDs was found (Ashby, 1970) and generalised (Busso et al., 2000) . To obtain the information about the mesoscopic variations of elastic strains and stresses experimentally, micro-beam Laue diffraction technique was employed due to its suitable spatial resolution. Sharp micron-sized white X-ray beams can probe the deformation and crystal structure (including orientation) at the meso to microscopic level (Tamura et al., 2002) . By analysing Laue diffraction spot locations and shapes, it is possible to obtain crystallographic information for the illuminated area, i.e., the local lattice rotation and misorientation, deviatoric strain, etc. It is also possible to predict the Laue spot shapes from known dislocation distributions. In this work, both forward prediction and inverse analysis are carried out.
Strain gradient crystal plasticity modelling

Model configuration
To capture the inter-and intra-granular deformation, a realistic representation of the material's microstructure is achieved here with a detailed 'replica' of the scanned area characterised by micro-beam Laue diffraction. The grain orientations were found from the analysis of Laue patterns using XMAS (Tamura, 1997) , and the entire microstructure was then implemented into a grain-based FE mesh. The scan area in the experiment was 4 × 2mm 2 , with both the beam size and the step size of 50 µm (square). In the FE model, the material volume corresponding to each pixel (scan point) was represented by eight C3D20R elements (with 2 elements in each direction of x, y and z). The sample studied in the experiment was made from commercially pure Ni with FCC crystal structure having a total of 12 {111} <110> slip systems. To visualise the grain morphology and orientation, Schmid factor colour maps are plotted in Figure 1 . 
General framework of strain gradient crystal plasticity and model parameter calibration
The present model has been implemented by the authors on the basis of the lengthscaledependent, rate-dependent formulation (Cheong and Busso, 2004) . A brief summary of the formulation is given here. The formulation is built on the expression for the shear strain rate α γ on a particular slip system α. This shearing rate is thermally dependent via a Boltzmann-type exponential thermal activation expression, and also contains a dependence on the system-specific critical resolved shear stress (slip resistance)
In equation (1), k is the Boltzmann constant; 0 γ is the empirical pre-exponent term; F 0 is the total free energy of activation under a vanishingly small applied stress; p and q are two exponents to be calibrated; 0 τ is the lattice friction stress at 0 K, with the ratio of the shear modulus at the temperature of interest, µ, to that at 0 K, µ 0 . The central element of the present length-scale-dependent, dislocation-based deformation modelling approach is the system of evolution laws for the densities of edge and screw types of Statistically Stored Dislocations (SSDs) and three types of GNDs and their contribution to the slip resistances on the corresponding planes. It is, specifically, the GND contribution that is closely linked to plastic strain gradient effects, and thus causes size-and scale-dependent effects. The formulation is fully implicit, with its highlight on introducing a special shape function for internal Gauss points of the quadratic element to obtain the spatial derivatives of the plastic deformation gradient.
Part of the model parameters was calibrated using the monotonic stress-strain curve, while others were obtained from the literature. The elastic stiffness matrix was initially obtained (Takeuchi and Kuramoto, 1971) with minor correction to match the linear elastic part of the current plot. The macroscopic non-linear material behaviour was controlled by the flow rule parameters. Two of them were calculated from the data based on: . The other three, whose ranges are limited (Cheong and Busso, 2004) , were tuned by fitting the macroscopic stress-strain curve, giving (Takeuchi and Kuramoto, 1971) 6 0 1 10
The remaining set of parameters, which control dislocation motion and dislocation hardening, were chosen to be the same as (Cheong and Busso, 2006; Kuhlmann-Wilsdorf, 1989 ).
Micro-beam Laue diffraction experiment
Diffraction experiments were carried out on beamline B16, Diamond Light Source. The incident beam was 'pink' with an energy range 5-25 keV. The 90º reflection Laue set-up was employed (Hofmann et al., 2009) (Figure 2(a) ). The sample was placed at 45º to the incoming beam in the reflection position with the loading direction perpendicular to the diffraction plane. A CCD detector was set to collect the Laue pattern images at the nominal scattering angle 2θ of 90º. The geometric parameters of the set-up were then accurately determined through calibration shots collected from a Si wafer sample before the Ni sample was mounted. The Ni sample was a 300 µm-thick waisted dog-bone that was heat-treated beforehand to promote grain growth to the size of around 350 µm, which not only ensured a single grain through-thickness property, but also allowed the use of the Laue technique to probe individual grains within the polycrystal (grain size > beam size). The sample was in-situ loaded, while Laue patterns were collected at different loading stages. 
Post-processing and results
The 90° reflection Laue set-up is conceptualised here using a succinct vector space expression in equations (2) and (3) Figure 2 (b). The normalised incident beam vector is labelled S 0 ; D is the position vector of the detector and S is the normalised diffracted beam vector. R is the orientation matrix that rotates the grain orientation from the local (grain) system to global (sample) coordinate system. H hkl is the index of the reflection corresponding to lattice planes in the FCC crystal, and b is the reciprocal space primitive lattice vector.
Once S is obtained, the Laue spot position vector P on the detector can be readily calculated from equation (3) (where n D is the normalised detector normal vector):
On the basis of the algorithm described earlier, a forward prediction post-processor was developed to extract the elastic rotation matrix from each IP in the model and calculates the Laue spot positions on the detector. The resulting spot is obtained by the superposition of the reflections from each IP. (Figure 3(a) ) shows an experimental Laue pattern from the sample position A Figure 1 (b) under 2% plastic strain. The SGCP model under the same amount of deformation was post-processed to generate the simulated diffraction pattern shown in Figure 3 (b). It is generally believed (Barabash et al., 2001 ) that the change in Laue spot positions is due to the combined effect of lattice rigid body rotation and deviatoric strain; the change of Laue spot shape is due to the local lattice curvature. Notably, the 'streaking' (elongation) phenomenon of the Laue spots is due to the presence of GNDs, which are related to the plasticity-induced local lattice misorientation. Figure 3 (a) and (b) shows reasonable agreement with each other in terms of the spot positions, indicating that the model captures correctly some features of the elasto-plastic deformation, particularly the rigid body rotation and deviatoric strain. A closer look at the spot shapes of reflection 006 from simulation (Figure 3(d) ) and experiment (Figure 3(c) ) shows satisfactory agreement in terms of streaking direction and length, indicating the correct prediction of local lattice misorientation, or to say, quantities of mixed types of GNDs (Barabash et al., 2001) . Meanwhile, an inverse analysis of the Laue pattern at position A (Figure 1(b) ) was carried out alongside the forward prediction. With interpretation from XMAS, the orientation matrix at position A is readily available. However, it is worth noting that it is only the average value for the crystal orientation at that point, which does not account for the local misorientation. Such deviation can be captured by changing the rotation matrix by a small amount incrementally from average using Euler angles in the post-processor. Different Euler angles would produce different patterns of streaking. By using image correlation (corr2 in Matlab TM ) technique, we can find the best matching to the experiment pattern, hence the amount of local misorientation. For the pitch-roll-yaw (x-y-z) Euler angle convention, the maximum angles of local misorientation at position A are θ = −0.258 (deg); ψ = −0.097 (deg) and φ = −0.126 (deg). They can be further expressed in terms of Rodrigues Rotation unit vector and angle, where the fixed axis of rotation is (0.32136, 0.85066, 0.41588), and the rotation angle is approximately 0.3°. This result has some significance: not only it demonstrates the presence of non-neglectable intra-granular deformation, but also allows us to quantify the lattice misorientation within a sub-region of one grain in a polycrystalline material. This value can be further validated through FE SGCP model. The local misorientation map at the corresponding position is displayed in Figure 4 . Taking the bottom-left corner as the reference orientation, the misorientation angle is plotted in a 50 µm × 50 µm area (beam spot size). It is clear that in the simulation the maximum misorientation happens between the top-left and bottom-left corner and the angular difference is around 0.3°, matching that found in the experiment. The misorientation is affected by the position, shape and orientation of the surrounding grains, especially those sharing grain boundaries. In this work, both forward prediction and inverse analysis of Laue patterns from a large-grained polycrystalline Ni sample were carried out. It did not only capture the characteristic features of diffraction patterns, such as Laue spot positions and streaking, but also revealed the local lattice misorientation information within one grain of a polycrystal. On the basis of these results, we conclude that the dislocation-based SGCP model is a powerful tool to predict the evolution of the dislocation structure in FCC polycrystalline materials, providing a unique insight into the inhomogeneity of polycrystal deformation at the intra-granular level.
